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Abstract. We propose a class of models of supersymmetric hilltop inflation (also called
“new inflation”) where the initial conditions of the inflaton close to the hilltop are generated
through “matter field preinflation”. This is achieved via a coupling term between the inflaton
and matter fields (i.e. Standard Model fields or a right-handed neutrino). The same coupling
also opens up a decay channel for the inflaton into Standard Model fields, which allows
efficient reheating of the universe. We discuss the multifield dynamics of the inflaton and
matter fields during inflation using the δN formalism and show under which conditions the
model effectively reduces to single-field hilltop inflation during the last 60 e-folds. We also
study perturbative reheating through the matter-inflaton coupling for a specific example
where the matter field is identified with a right-handed (s)neutrino, and demonstrate that
in this case the model can generate the observed baryon asymmetry through nonthermal
leptogenesis.
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1 Introduction
Inflation provides a successful paradigm for the early universe, capable not only of resolving
the flatness and horizon problems of big bang cosmology, but also of generating primordial
perturbations which eventually develop into the present day inhomogeneities of the universe
and can be probed by observations of the CMB and large scale structures.
The Planck satellite has recently observed the temperature anisotropies of the CMB with
unprecedented precision [1–3]. The new data has brought further confirmation of inflation
and provided useful information towards discriminating between different models of inflation.
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In particular, the non-Gaussianity parameter has been constrained to fNL = 2.7±5.8 at 68%
C.L., which is consistent with single-field slow-roll inflation. The spectral index ns has been
measured to be ns = 0.9603 ± 0.0073 at 68% C.L., which constrains the possible shapes of
the inflaton potential, and the upper bound on the tensor-to-scalar ratio has been tightened
to r < 0.11 at 95% C.L., which already excludes some large-field models of inflation.
Among the various inflation scenarios, hilltop inflation [4–7] (also called “new inflation”)
can lead to a primordial spectrum close to Planck’s best-fit value [2]. In hilltop inflation,
the inflaton field rolls down from a maximum of a very flat potential which is shaped like a
plateau. Such potentials can arise when a phase transition takes place, for example associated
with the breaking of a GUT symmetry [5] or a flavour symmetry [8], which allows for possible
close connections to particle physics.
However, given that the inflaton field φ has to start its dynamics close to the maximum
of its potential, the obvious question arises of how the field initially gets there. Many of
the scenarios proposed to resolve this initial condition problem introduce a preceding period
of slow-roll inflation (called “preinflation”) driven by a preinflaton χ. During this phase of
preinflation, the inflaton field φ is forced to the maximum of its potential, which dynamically
generates the initial conditions required for hilltop inflation in φ. Usually, this involves adding
a new sector of singlet fields which are decoupled from the visible sector (e.g. in [7, 9, 10]). A
similar function is performed by a coupling of the inflaton to the energy density as proposed
in [11]. Other approaches to the initial conditions problem include [12].
In this paper, we show how preinflation can be realized in supersymmetric models using
only a coupling of the inflaton to “matter fields”, which we define as Standard Model fields
or right-handed neutrinos (and their superpartners). In the stage of preinflation, the scalar
component of a matter superfield (or alternatively of a D-flat combination of charged matter
superfields) takes the role of the preinflaton and generates a mass term for the inflaton which
leads to the right initial conditions for hilltop inflation. After hilltop inflation, the same
coupling to matter fields allows the inflaton to decay and reheat the universe.
We also study the effects of the preinflaton matter field on the primordial spectrum,
and we illustrate how reheating can occur via the inflaton-matter coupling for the example
of a right-handed sneutrino preinflaton.
The paper is organized as follows: in sections 2 and 3 we discuss qualitatively the
main ideas of the paper and present the model. We then calculate in section 4 the likely
initial conditions that arise from quantum fluctuations near the instability point. Using these
initial conditions, in section 6 we numerically calculate the spectrum of perturbations from
inflation using the δN formalism (briefly introduced in section 5), confirming that single-
field hilltop inflation preceded by matter field preinflation is a generic outcome of our model
setup for a large region of parameter space. Finally, in section 7 we demonstrate for a
specific example model that the inflaton-matter coupling can provide a viable channel for
perturbative reheating and leptogenesis.
2 Hilltop Inflation: Challenges and Main Idea of the Paper
Models of hilltop inflation are usually presented in form of a potential for a real scalar field
φ,
V (φ) = Λ4
(
1− 2φ
p
µp
+ . . .
)
. (2.1)
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The dots contain terms with higher power of φ. With p ≥ 4, the model is in very good
agreement with the recent CMB observations by Planck [2]. Inflation is realised when the
inflaton field φ rolls slowly from close to the top of the potential with φ ≈ 0, where the
potential has the shape of a very flat plateau, towards its global minimum at 〈φ〉 < mpl.
However, in order to construct a convincing model of hilltop inflation, the following challenges
have to be resolved:
1. With φ being a real scalar field, how can one suppress terms of the form Λ4 φ
q
µq with
q < 4 in V (φ)? Such terms (unless they have coefficients tuned to be very small) would
lead to predictions inconsistent with observations.
2. For obtaining enough e-foldings of inflation, the field φ has to start quite close to the
top of the potential. But how does the field initially get there?
Challenge 1 can be overcome when the model is constructed in a supersymmetric (i.e.
supergravity) framework. With fields being promoted to superfields, the simple superpoten-
tial
Whilltop = Sˆ
(
Φˆp
Mp−2
− Λ2
)
(2.2)
generates (with S = 0 due to supergravity corrections, and taking M and Λ real without loss
of generality) the following scalar potential for the scalar component Φ of the superfield Φˆ:
V (Φ) = |FS |2 =
∣∣∣∣∂W∂Sˆ
∣∣∣∣2
θ=0
=
∣∣∣∣ ΦpMp−2 − Λ2
∣∣∣∣2 = Λ4(1− 2Re(Φp)µ˜p + |Φ|2pµ˜2p
)
(2.3)
with µ˜p := Mp−2Λ2 and where Φ is now a complex scalar field which may be decomposed
into real and imaginary parts as Φ = 1√
2
(φ+ iφ). This has the desired form, with additional
terms containing only higher powers of φ.
The advantage of the supersymmetric formulation is that one can now easily fix this
form of the superpotential by demanding symmetries, i.e. a U(1)R symmetry and a Zp sym-
metry, when we distribute two units of U(1)R charge to Sˆ and zero to Φˆ, and one unit of Zp
charge to Φˆ while Sˆ is a Zp-singlet.1 Furthermore, this can also be generalized to the case
where Φˆ is charged under a general (global or local) symmetry group G.
Challenge 2 can be resolved by an epoch of so-called “preinflation” [7, 9, 10], where
the dynamics of other fields force φ to be close to zero (i.e. to the hilltop). This generally
involves some couplings between φ and other scalar fields χi which we may summarise as
f(φ, χi) such that the potential reads
V (φ) = Λ4
(
1− 2φ
p
µp
+ . . .
)
+ f(φ, χi) . (2.4)
f(φ, χ) has to be constructed such that φ ≈ 0 before the observable part of inflation starts.
1Also, supergravity corrections from the Ka¨hler potential can be further suppressed (in addition to the
Planck scale suppression) by e.g. a Heisenberg symmetry, as discussed in [14].
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The main idea of this paper is to extend the superpotential Whilltop by a simple term
which couples the inflaton φ to a matter superfield Xˆ (containing a Standard Model particle
and its superpartner), namely
W = Sˆ
(
Φˆp
Mp−2
− Λ2
)
+ λΦˆ2Xˆn. (2.5)
Xˆn can be any gauge invariant contraction of matter superfields, e.g. the right-handed neu-
trino superfield which contains the right-handed neutrino fermion and the scalar right-handed
sneutrino, or some lepton-Higgs (LˆHˆu, LˆHˆdEˆ) or quark-Higgs (QˆHˆuUˆ , QˆHˆdDˆ) direction.
2
Such a coupling has the following advantages, in addition to being able to fix the shape of
the superpotential by symmetries (i.e. to solve challenge 1 in a supersymmetric framework):
• With the scalar componentX of Xˆ being non-zero in an early epoch, a mass term for φ is
generated which drives it to small field values. This yields a stage of preinflation (along
the lines of so-called “tribrid inflation” models [15–17]) and thus solves challenge 2 by
a rather minimalistic extension of the model, using only matter fields for preinflation,
where by matter fields we mean Standard Model fields and right-handed neutrinos as
well as their superpartners.
• After inflation the inflaton φ decays by the same coupling to the components of the
matter superfield Xˆ, which decay further into the other fields of the Standard Model
(or MSSM) and efficiently reheat the universe. When Xˆ is a right-handed neutrino
superfield, the latter decay would proceed via the neutrino Yukawa couplings, and can
even generate the baryon asymmetry of the universe via the non-thermal leptogenesis
mechanism [18].
3 The Model
In what follows we focus on the choices p = 4 and n = 2 in the superpotential (2.5). Larger
values of p increase the flatness of the plateau, while larger n leads to higher order interactions
between the scalar fields Φ and X.
Our choices lead to the scalar potential, with S = 0 due to supergravity corrections (see
appendix A for details):
V =
∣∣∣∣∂W∂Sˆ
∣∣∣∣2
θ=0
+
∣∣∣∣∂W∂Φˆ
∣∣∣∣2
θ=0
+
∣∣∣∣∂W∂Xˆ
∣∣∣∣2
θ=0
+ VSUGRA
= Λ4
(
φ4
µ4
− 1
)2
+
1
2
λ2φ2χ2(φ2 + χ2) +
1
2
m2χχ
2 − 1
2
m2φφ
2 , (3.1)
where µ2 = 2MΛ and m2χ > 0, m
2
φ > 0 are masses induced by supergravity corrections. The
fields are φ =
√
2 Re[Φ] and χ =
√
2|X|. The imaginary part of Φ can affect the dynamics
and observational signatures of hilltop inflation, as discussed in [13]. We first restrict our
discussion to Im[Φ] = 0 and discuss the effect of the imaginary part later in section 6.3.
2Throughout this paper, we treat Xˆ as a single field. Replacing it with a contraction of fields Xˆ2 → Xˆ1Xˆ2
does not change our results except for combinatorial factors of O(1).
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It will be useful to parametrize the masses m2χ and m
2
φ as
m2χ = αΛ
4/m2pl, m
2
φ = βΛ
4/m2pl. (3.2)
In order to have φ as the inflaton and χ as the preinflaton, both fields must be able to slow-
roll and therefore have masses below the Hubble scale. With H ' Λ2/(√3mpl), this requires
α, β < 1/3. For β, we will later find the stronger constraint β . 0.03 to produce the correct
spectral index ns as measured by the Planck satellite.
The mass of φ at φ = 0 is given by λ2χ4 − m2φ, and it becomes tachyonic when χ <
χcrit ≡
√
mφ/λ, defining the critical value χcrit. When χ < χcrit, φ = 0 becomes unstable
and the field trajectory rolls to one of the two global minima of (3.1), at χ = 0 and φ = ±µ.
This symmetry breaking can generate topological defects, which can affect the evolution of
spacetime. However, in our scenario, the symmetry breaking is followed by a long phase
of hilltop inflation, therefore stretching such relics outside of observable scales (for this to
happen, accelerated expansion after the symmetry breaking must last at least 60 e-folds).
The inflationary dynamics are as follows: initially, mpl > χ > χcrit and φ = 0. The
potential is of the form
Vpre ' Λ4 + 1
2
m2χχ
2 , (3.3)
with 2Λ4  m2χχ2. χ rolls towards χcrit and many e-folds of accelerated expansion are
generated during this preinflation phase.
As χ > χcrit approaches the instability, φ’s mass decreases and eventually it becomes
light enough for the amplitude of its fluctuations about φ = 0 to start growing. For values of
m2χ which are not excessively small, the motion along the χ direction while going through the
instability is dominated by the field’s classical rolling. On the other hand, φ’s fluctuations
are quantum inside a diffusion region defined by∣∣∣∣∣ φ˙H
∣∣∣∣∣
2
<
(
H
2pi
)2
. (3.4)
The field φ exits the diffusion region at some χ < χcrit when its classical motion takes over
and it rolls away from the origin. Then a second phase of classical inflation starts, driven
by the potential (3.1). This second phase is initially dominated by the lowest order terms
in φ. As φ grows, eventually the φ4 term starts dominating and inflation ends when the
oscillating phase about one of the two global minima χ = 0, φ = ±µ starts. Since more than
60 e-folds of accelerated expansion are realised in the second phase, observables exclusively
depend on its dynamics and the first phase only provides a mechanism for generating the
initial conditions for the hilltop inflation phase.
After inflation, the universe reheats. In our model, the inflaton Φ decays to the scalar
and fermionic components of the matter superfield Xˆ via its superpotential coupling. These
can then decay further into the Standard Model particles and their superpartners via gauge
interactions or Yukawa couplings, depending on which matter superfield is used for Xˆ.
4 On the initial conditions near the instability
During preinflation with χ  χcrit, the inflaton field φ is driven to zero by the large mass
term (λ
2
2 χ
4 −m2φ)φ2. However, when χ approaches the instability at χ = χcrit, the inflaton
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Figure 1. Field trajectory (blue curve) for β = 0.03 through the diffusion region (red area) for
α = 10−2 (left) and α = 10−3 (right). The red curve is the diffusion boundary φb(χ) given in
eq. (4.5). The field trajectory enters the diffusion region at (φ0, χ0) and leaves it at (φ1, χ1). The aim
of this section is to calculate (φ1, χ1) which we identify as the initial conditions for the observable
part of inflation. The left plot is the generic result for β2  α, in which case χ1 → 0 and inflation
proceeds as single-field inflation in φ. Only for β2 & α, χ1 can be significantly large, in which case
inflation should be analysed in a multi-field framework like the δN formalism.
field φ becomes massless and 〈φ2〉 grows due to quantum fluctuations. Quantum diffusion
dominates when the classical displacement δφcl of the field per Hubble time is smaller than
the growth of quantum fluctuations δφqu per Hubble time H
−1:
δφqu =
H
2pi
!
> δφcl = H
−1|φ˙| '
∣∣∣∣∂φVV
∣∣∣∣m2pl. (4.1)
In this section, we want to discuss how the fields evolve during this phase to find expressions
for the field values φ1 and χ1 at the end of the quantum diffusion regime. To do this, we
take the following steps (see fig. 1):
1. We find the boundary φb(χ) of the diffusion region inside which quantum diffusion
dominates over the classical slow-roll field evolution for φ.
2. Inside this boundary, we assume that φ grows due to quantum fluctuations. We estimate
the value of φ in this region via the expectation value φdiff ∼
√〈φ2〉.3 Outside the
boundary, we calculate the trajectory of φ from the slow-roll equations of motion.
3. Assuming that initially we start from χ  χcrit (which quickly drives φ → 0), we
find the values (φ0, χ0) at which φ enters the diffusion region and the values (φ1, χ1) at
which it leaves the diffusion region. φ1 and χ1 are then the initial condition for inflation
using the classical slow-roll equations of motion.
3Of course, quantum fluctuations are random, so the realized value of φ can be different for different
patches of the universe. We use the expectation value only for an estimate of the likely magnitude of φ. This
is sufficient because our conclusions will only depend on the order of magnitude of φ. The precise initial
conditions are less important as the trajectories exhibit an attractor behaviour towards single-field hilltop
inflation.
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4.1 Approximate potential during quantum diffusion phase
To keep the calculation of the diffusion region simple and instructive, we only keep terms of
lowest order in φ, i.e.
m2pl∂φV '
(−βΛ4 +m2plλ2χ4)φ = −βΛ4(1− χ4χ4crit
)
φ, (4.2a)
m2pl∂χV ' αΛ4 χ. (4.2b)
This approximation usually works well because φ is very small in this region, as it is generated
from quantum fluctuations only.
One must include the higher-order terms in the calculation only if α or β are very
small. In that case, the following calculation can be performed numerically using the exact
scalar potential. The exact values for α and β for which this is necessary depend on µ and
λ, but they are typically much smaller than about 10−4. We have checked explicitly that
the approximation is very good for the range of parameters that we use in our numerical
calculations.
4.2 Boundary φb of the diffusion region
We find a formula for the boundary between the diffusion region and the classical region by
inserting the scalar potential ∂φV :
H
2pi
!
= m2pl
∣∣∣∣∂φVV
∣∣∣∣
φb
= β
∣∣∣∣1− χ4χ4crit
∣∣∣∣φb. (4.3)
In the following, it will be useful to substitute the field χ with its quartic displacement from
χcrit:
∆(χ) =
χ4
χ4crit
− 1. (4.4)
Using this variable, the diffusion boundary can be written as
φb(∆) =
(
H
2pi
)
1
β|∆| . (4.5)
4.3 Trajectory φdiff inside the diffusion region
After the field enters the diffusion region at some ∆0 > 0, the expectation value for the
squared field grows linearly with N = Ht. Inside the diffusion region, 〈φ2〉 is then given by
φ2diff(∆) = φ
2
b(∆0) +
(
H
2pi
)2
N(∆). (4.6)
The function N(∆) can be inferred from the slow-roll equation of motion for χ, which is
dominated by the term proportional to mχ:
0 ' 3H2χ′(N) + ∂χV ' Λ4
[
χ′(N) + αχ(N)
]
. (4.7)
This differential equation can be solved for χ(N):
χ(N) = χ0 e
−αN , (4.8)
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Figure 2. Values for φ1 and χ1 as functions of β
2/α. We see that for β2  α, the value of the
preinflaton χ1 after preinflation is zero up to quantum fluctuations. This implies that for β
2  α,
preinflation generally leads to single-field hilltop inflation with φ as the only inflaton. Only for
β2 & α, the preinflaton can have an influence during the observable last 60 e-folds, in which case
inflation should be studied as a two-field model using e.g. the δN formalism (see section 6).
which implies, using eq. (4.4):
N(∆) =
1
α
ln
(
χ0
χ
)
=
1
4α
ln
(
∆0 + 1
∆ + 1
)
. (4.9)
Combining eqs. (4.5), (4.6) and (4.9) we find the expression for the diffusion boundary in
terms of ∆:
φ2diff(∆) =
(
H
2pi
)2 [ 1
β2∆20
+
1
4α
ln
(
∆0 + 1
∆ + 1
)]
. (4.10)
4.4 Diffusion region entry at ∆0 and exit at ∆1
Eq. (4.10) still depends on the point ∆0 where the diffusion region is entered. This is
determined from the condition that the diffusion region should not be exited immediately
(otherwise, the field will travel at the boundary between the two regions):∣∣∣∣∂φ2b∂∆
∣∣∣∣
∆0
=
(
H
2pi
)2 2
β2∆30
!≥
∣∣∣∣∂φ2diff∂∆
∣∣∣∣
∆0
=
(
H
2pi
)2 1
4α(∆0 + 1)
. (4.11)
The field stops travelling near the boundary when the inequality starts to be satisfied:4
∆30
1 + ∆0
=
8α
β2
. (4.12)
The fields then travel along the trajectory φdiff(∆) until they exit the diffusion region at ∆1
where φdiff(∆) and the diffusion boundary φb(∆) intersect again:
φ2b(∆1) =
(
H
2pi
)2 1
β2∆21
!
= φ2diff(∆1) =
(
H
2pi
)2 [ 1
β2∆20
+
1
4α
ln
(
∆0 + 1
∆1 + 1
)]
. (4.13)
4For arbitrary initial conditions, the fields could enter the diffusion region for any value ∆ ≤ ∆0. However,
when we assume that the fields approach along a trajectory where χ  χc and φ ' 0, we know it will move
along the boundary until it enters the region at the largest possible value ∆ = ∆0.
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We find an equation to determine ∆1 from ∆0:
1
∆21
− 1
∆20
+
β2
4α
ln
(
∆1 + 1
∆0 + 1
)
= 0. (4.14)
Eqs. (4.12) and (4.14) can be numerically solved for ∆0 and ∆1 for any given value of
β2
α .
The result for ∆1 can then be translated to χ1 and φ1 using eqs. (4.4) and (4.5).
5 The results
for φ1 and χ1 are shown in fig. 2.
We find that for β
2
α  1, we start with χ1 ∼ H2piα and φ1 ∼ H2piβ . The classical equations
of motion only drive χ to smaller values, so it remains small, while φ is growing over time. As
a consequence, φ is the only relevant field at horizon crossing, and we recover the single-field
hilltop inflation limit with φ as the inflaton.
For larger values of β
2
α , we can initially have χ1 ∼ χcrit  φ1. In this case the matter
field χ can have an effect on the spectrum of primordial perturbations. We study this effect
numerically in the next sections using the δN formalism.
5 Observables and the δN formalism
To extract predictions for the spectral index ns, the non-Gaussianity parameter fNL and the
amplitude of primordial curvature perturbations As, we employ the δN formalism [19–21].
The δN formalism uses the separate universe approximation, which treats points in the
universe that are causally disconnected as being part of independent Friedmann-Robertson-
Walker (FRW) spacetimes, with dynamics determined by the local energy density and pres-
sure (see for example [22, 23]). The curvature perturbation evaluated on hypersurfaces of
uniform density between two such points, ζ, can then be expressed in terms of the difference
of expansion between them, starting from a common initial flat hypersurface labelled ∗, to a
final hypersurface of uniform density labelled f ,
ζ = δN f∗. (5.1)
In order to extract predictions for the primordial curvature perturbation, the flat hypersur-
face ∗ must be defined at the time when observable scales exited the cosmological horizon.
Moreover, the final hypersurface f must be taken at some much later time when the dynam-
ics are adiabatic and ζ is conserved. This generally happens after a reheating phase during
which the energy is transferred from the inflationary degrees of freedom to a single fluid.
If slow-roll is a good approximation at horizon exit, ζ is completely determined by the
field perturbations δϕi∗ at that time,
ζ = δN f∗(δϕ
i
∗). (5.2)
The field perturbations δϕi∗ are extremely close to Gaussian [24], and if their amplitude is
sufficiently small, the statistics of the curvature perturbation can be determined in a simple
manner by Taylor expanding
δN f∗ ≈
∂N f∗
∂ϕi∗
δϕi∗ +
1
2
∂2N f∗
∂ϕi∗ϕ
j
∗
δϕi∗δϕ
j
∗ , (5.3)
5Note that χ1 also has a lower bound due to quantum fluctuations. The diffusion region for χ is given
by χ < χb =
H
2piα
. Below this value, χ is no longer decaying exponentially but instead behaves as a random
variable of order χb. However, χb is so small that it is negligible for the dynamics during inflation, so this
lower bound has no practical relevance in our model.
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where here and from here on we employ the summation convention, and subsequently we will
employ the notation in common use, Ni = ∂N
f∗/∂ϕi∗.
One then finds that the amplitude of the power spectrum is given by
As = NiNi
H2∗
4pi2
, (5.4)
and the spectral index ns by [20, 25]
ns = 1− 2∗ + 2
H∗
ϕ˙i∗NjNij
NiNi
. (5.5)
The non-Gaussianity of the perturbation is characterised by the reduced bispectrum fNL,
which is given by [21]
fNL =
5
6
NiNjNij
(NiNi)2
. (5.6)
The current observational bounds on the observables at 68% confidence level are [1]
109 ×As = 2.1886+0.0532−0.0583 , (5.7)
for the amplitude of the perturbations,
ns = 0.9603± 0.0073 , (5.8)
for the spectral index and [3]
fNL = 2.7± 5.8 , (5.9)
for the reduced bispectrum.
6 Numerical results and discussion
6.1 Numerical method
We studied the inflationary phase using a numerical implementation of the δN formalism.
To this end, we evolved the homogeneous FRW equations of motion
φ¨+ 3Hφ˙+
∂V
∂φ
= 0 ,
χ¨+ 3Hχ˙+
∂V
∂χ
= 0 , (6.1)
where H is the Hubble rate
m2plH
2 =
ρ
3
=
V
3
+
φ˙2
6
+
χ˙2
6
. (6.2)
To compute the observables (5.4)-(5.6), we need to estimate the derivatives Ni and Nij . This
is done by numerically integrating the system (6.1) from the field values φ∗ and χ∗ at horizon
crossing (60 e-folds before the end of inflation), with the derivatives fixed so as to satisfy the
slow-roll conditions. The system is integrated until the end of inflation when  = 1 and the
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final Hubble rate Hf is recorded. After varying the initial conditions at horizon crossing, we
restart the integration and end it when H = Hf. We repeat the process until we have enough
points to build up a finite difference estimation of the derivatives of N(φ∗, χ∗).
Ideally, the final hypersurface of constant energy density Hf should be chosen when the
evolution of the universe is adiabatic. In our scenario, at the end of inflation all the energy
density is stored in the fields φ and χ and is subsequently transferred to non-inflationary
degrees of freedom, possibly generating a further evolution of the curvature perturbation ζ.
We will see that in some regions of parameter space, the field trajectory reaches the adiabatic
limit before the end of inflation, implying that the super-horizon observables evaluated at
that time are conserved. For other parameters, however, this is not the case. In that case,
one needs to study the evolution of the curvature perturbation during the following reheating
phase (up to the point where the perturbations become adiabatic), which is beyond the scope
of this paper.
The parameter space of the model (3.1), including the initial field and derivative values,
is 9-dimensional. The initial field values φi and χi are set at the exit of the diffusion region,
given by eqs. (4.12) and (4.14) as explained in section 4 and their derivatives are fixed
using the slow-roll approximation. The parameter Λ is rescaled to match the amplitude
of perturbations As. Such rescaling affects the calculation of the initial field values and is
therefore calculated iteratively. We spanned the following region of parameter space:
λmpl ∈ {10−3, 1} , 10−5 ≤ α ≤ 10−2 , 10−3 ≤ β ≤ 4× 10−2 . (6.3)
All plots are shown for µ = 10−5/2mpl. The effects of different µ will be discussed below.
The non-Gaussianity parameter fNL turns out to be extremely small, with |fNL| < 0.1, so it
is not shown.
The predictions for the spectral index ns and the vacuum energy Λ
4 are shown in figs. 3
and 4, both for λmpl = 10
−3 and for λmpl = 1. We find that for α/β2 > 1.4 (above the
dashed line), the results are identical to single-field hilltop inflation. In particular, they are
independent of the preinflaton couplings α and λ.
Below the dashed line, where α/β2 < 1.4, we find that the predictions for ns and Λ
are changed, and that they depend on the coupling λ. There are two qualitatively different
regimes, depending on whether λ is small or large. For small λ, χ is effectively a constant
background field during slow-roll inflation in φ, whereas for large λ, inflation proceeds along
a non-trivial multi-field trajectory. Exactly what constitutes a large or small coupling λ
depends on the value of µ. For µ = 10−5/2mpl, which is the value chosen for our plots,
λmpl = 10
−3 is in the small coupling regime, whereas λmpl = 1 is in the large coupling
regime.
We thus find three qualitatively different regimes:
1. The limit of single-field hilltop inflation (α/β2 > 1.4), where χ ∼ 0 and inflation
happens as single-field inflation in φ.
2. The limit of quasi-single-field hilltop inflation (α/β2 < 1.4, small λ), where χ ∼
constant and slow-roll inflation happens as single-field inflation in φ, with the inflaton
potential V (φ) modified by the nearly constant background field χ.
3. Non-trivial multi-field inflation (α/β2 < 1.4, large λ), where both χ and φ are
dynamic fields during slow-roll inflation.
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Figure 3. Contour plot of the spectral index ns as a function of α and β, with λmpl = 10
−3 (top) and
λmpl = 1 (bottom). µ =
√
10−5mpl and the initial field values are given by eqs. (4.12) and (4.14). The
black contour lines correspond to ns = 0.953 and values contained within the lines are in agreement
with the 68% C.L. bounds of Planck. The black dashed line corresponds to α/β2 = 1.4.
6.2 Discussion of the different regimes
Single-field limit for α/β2 > 1.4
As we discussed in section 4, the initial conditions for α/β2  1 converge towards φi → 0,
χi → 0. This means that inflation happens along the single-field hilltop inflation trajectory
with χ ' 0. This can also be seen in figs. 5 and 6, where we plot the numerical results for
the preinflaton field value χ∗ at horizon crossing and χe at the end of slow-roll inflation. For
α/β2 > 1.4, the preinflaton is negligible already at horizon crossing. For this reason, the
predictions in this limit do not depend on the preinflaton couplings α and λ.
As in single-field hilltop inflation, ns does not depend on µ in this region, and Λ
4 ∝ µ4.
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Figure 4. Contour plot of 1024 × Λ4/m4pl as a function of α and β, with λmpl = 10−3 (top) and
λmpl = 1 (bottom). µ =
√
10−5mpl and the initial field values are given by eqs. (4.12) and (4.14), after
the rescaling to match the amplitude of primordial perturbations. The black dashed line corresponds
to α/β2 = 1.4.
Small λ regime for α/β2 < 1.4
When α/β2 is small, the initial preinflaton field value χi is large enough for χ to have an
impact during inflation. Therefore, the dynamics during inflation depend on the preinflaton
coupling λ.
For small coupling λ, the preinflaton potential is extremely flat (note that α < 1.4β2
implies that the preinflaton mass term is small, so a sizeable potential for χ can only be
generated from the coupling λ). We therefore expect that for sufficiently small λ, χ is nearly
constant throughout slow-roll inflation: χ(t) ' χ∗ ' χe. This is well confirmed by our
numerical results for χ∗ and χe which are plotted in fig. 5 for λmpl = 10−3.
In this limit for small λ, the slow-roll dynamics are then given by single-field slow-roll
inflation in φ in the presence of a constant background field χ∗, which leads to an inflaton
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Figure 5. Contour plot of χ/χcrit at horizon crossing (left) and at the end of inflation (right) as
a function of α and β, with λmpl = 10
−3 and initial field values given by eqs. (4.12) and (4.14).
The white dashed line corresponds to α/β2 = 1.4. Above this line, χ∗/χcrit is negligible and the
model effectively reduces to single field hilltop inflation. Below the dashed line, χ∗/χcrit ∼ 1 and the
preinflaton field has to be taken into account. As can be seen by comparing the two plots, χ is nearly
constant during inflation, thus its only effect during inflation is to shift β → βeff and µ → µeff as
defined in eq. (6.5). However, at the end of inflation the dynamics are not adiabatic yet and reheating
may affect the primordial observables.
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Figure 6. Contour plot of χ/χcrit at horizon crossing (left) and at the end of inflation (right) as a
function of α and β, with λmpl = 1 and initial field values given by eqs. (4.12) and (4.14). The white
dashed line corresponds to α/β2 = 1.4. Above this line, χ∗/χcrit is negligible and the model effectively
reduces to single field hilltop inflation. Below the dashed line, χ∗/χcrit ∼ 1 and the preinflaton field
has to be taken into account. As can be seen in the right plot, at the end of inflation χ is oscillating
about the minimum with maximal amplitude χ ' 10−3χcrit, suggesting that the universe has reached
the adiabatic limit.
potential
V (φ) ' Λ4
(
1− 2φ
4
µ4
− β
2m2pl
φ2
)
+
1
2
λ2χ2∗φ
4 +
1
2
λ2χ4∗φ
2
= Λ4
(
1− 2 φ
4
µ4eff
− βeff
2m2pl
φ2
)
, (6.4)
with
βeff = β
(
1− χ
4∗
χ4crit
)
, µeff = µ
(
1− λ
2χ2∗µ4
4Λ4
)−1/4
. (6.5)
We therefore recover the single-field hilltop inflation limit with redefined parameters β → βeff
and µ→ µeff. This is confirmed by our numeric results for ns and Λ4 in figs. 3 and 4, where
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for λmpl = 10
−3 the region below the dashed line reproduces the single-field predictions, just
stretched along the β direction with a stretching factor β → β(1− χ4∗/χ4crit).
This regime once again effectively reduces to single-field hilltop inflation (albeit with
modified parameters βeff and µeff), and we thus know that ns is independent of µ, while
Λ4 ∝ µ4eff, where µeff as a function of µ is given in eq. (6.5).
Note, however, that we have calculated the spectrum of perturbations at the end of
slow-roll inflation. As the preinflaton field χ has not yet reached the minimum at that time,
the universe has not reached the adiabatic limit yet, and the spectrum of primordial curvature
perturbations could still be changed during the reheating period after inflation (see e.g. [26]
for perturbative reheating and [27] for non-equilibrium effects). As the reheating process is
model dependent, these effects cannot be addressed in our general framework and must be
checked for each specific model.
Large λ regime for α/β2 < 1.4
When λ is large, the preinflaton χ gets mass and self-coupling terms 12λ
2φ2χ2(φ2 + χ2). As
they are proportional to φ2 and φ4, these couplings start out small, so χ does not roll towards
zero before horizon crossing (if it did, we would end up in the single-field hilltop inflation limit
discussed above). However, when φ grows to larger values during inflation, the potential for
χ becomes increasingly steep, and χ→ 0. This broad picture is confirmed by our numerical
result for χ∗ and χe, which is plotted in fig. 6 for λmpl = 1: we see that below the dashed
line, we have χ∗ ∼ χcrit, but χe  χcrit.
In this regime, slow-roll inflation happens along a non-trivial multi-field trajectory, and
the predictions depend non-trivially on the model parameters µ and λ. In our example, we
see that for µ = 10−2.5mpl, the spectral index ns can be closer to the central value measured
by Planck (for α . 10−4, β ∼ 0.01). However, we find numerically that for different µ, the
deviations can instead lower the spectral index in this region.
If λ is sufficiently large, the preinflaton χ usually reaches the minimum before the end
of inflation, so the evolution at the end of inflation should already be adiabatic. Otherwise,
the spectrum of curvature perturbations could be affected by reheating in the same way as
discussed for the small λ regime above.
6.3 Effect of Im(Φ)
So far, we have ignored the imaginary inflaton component Im(Φ). It has been shown in [13]
that the imaginary inflaton component can reduce the spectral index ns and the vacuum
energy Λ4 in supersymmetric hilltop inflation, depending on the inflaton mass parameter β.
For small β  10−2/(2p), this effect is negligible, whereas for larger β, the magnitude of the
reduction in ns and Λ
4 depends on the initial ratio Im(Φ)/Re(Φ), which is a random variable
given by quantum fluctuations.
For the single-field and the quasi-single-field regime, these results are directly applicable,
as the last 60 e-folds of inflation are well-described by supersymmetric hilltop inflation with
the complex inflaton Φ. Only for the large λ multi-field case, the effect of the imaginary infla-
ton component may be different. In this case, it must generally be included in the numerical
calculation, with the initial condition Im(Φ)/Re(Φ) as an additional free parameter.
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7 Reheating and leptogenesis from coupling to matter field
Using matter fields for preinflation is not only economical, it also provides an interesting
decay channel for reheating. The inflaton-matter coupling used for preinflation allows decays
of the inflaton particle φ into the matter field χ. The matter field can then decay further
into Standard Model particles to reheat the universe. As the couplings within the matter
sector are related to particle physics observables, this leads to calculable predictions for the
reheat temperature and related quantities like the baryon asymmetry.
To illustrate the benefits of using matter fields for preinflation, we discuss an explicit
example where the right-handed sneutrino takes the role of the preinflaton.6 For this example,
we calculate the reheat temperature and the baryon asymmetry that is generated from out-
of-equilibrium decays during reheating. Demanding that the generated baryon asymmetry
from nonthermal leptogenesis matches the observed value, we can then constrain the masses
of both the inflaton and one of the right-handed neutrinos.
7.1 Example model: sneutrino preinflation
As an explicit example, we assume that one of the right-handed sneutrinos Xi takes the role
of the preinflaton χ. The superpotential is
W = Λ2Sˆ
(
4Φˆ4
µ4
− 1
)
+ λiΦˆ
2Xˆ2i + yjiLˆjHˆuXˆi, (7.1)
which is a sum of the inflaton superpotential from eq. (2.5) and neutrino Yukawa couplings
including the left-handed lepton doublets Lˆj and electroweak up-type Higgs doublet Hˆu. The
right-handed neutrino Majorana mass term is generated from the vacuum expectation value
of the inflaton Φ after inflation. We assume that Lj = Hu = 0 during inflation, so the Yukawa
couplings have no effect on inflation.7
With this superpotential, the inflaton can decay into right-handed sneutrinos and right-
handed neutrinos which then continue to decay into left-handed (s)leptons and electroweak
up-type Higgs(ino) particles.
A tree-level two-particle decay of the inflaton requires that mφ > 2mXi for at least one
of the right-handed neutrino superfields Xˆi. In this example, we assume for simplicity that
mφ > 2mXi is satisfied for exactly one of the right-handed neutrinos. We drop the index i
from now on both on this right-handed neutrino superfield Xˆ and its superpotential coupling
λ. The calculation can easily be generalized to the more general case where the inflaton can
decay into more than one of the Xi.
7.2 Decay rates
To calculate the reheat temperature and baryon asymmetry, we need to calculate the inflaton
decay rate Γφ into right-handed (s)neutrinos. We will also calculate the decay rates of right-
handed (s)neutrinos into (s)leptons and Higgs(ino) particles, which are assumed to thermalize
quickly due to their gauge interactions.
6 For a discussion of using the sneutrino as the inflaton, see e.g. [28, 29] for chaotic inflation or [15] for
hybrid inflation.
7The left-handed sleptons and the electroweak Higgs can get Hubble-sized mass terms from the Ka¨hler
potential which stabilize them at zero.
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Assumingmφ > 2mX so that the inflaton can decay into pairs of right-handed (s)neutrinos,
we find the decay rate for the inflaton φ
Γφ =
λ
8pi
mφmX
(
1 + 12
m2X
m2φ
)(
1− 4m
2
X
m2φ
)1/2
(7.2)
and the decay rates for the right-handed neutrino ψX and the two sneutrino components χ,
χ
Γχ = Γχ = ΓψX =
∑
j |yji|2
4pi
mX . (7.3)
The calculation of these decay rates is discussed in appendix B.
As reheating happens through the decay chains φ → χ + χ → MSSM, φ → χ + χ →
MSSM and φ → ψX + ψX → MSSM, the relevant decay rate for the entire decay chain will
be the minimum of Γφ and Γχ = Γχ = ΓψX . In our model, we find the ratio
Γφ
Γχ
=
λmφ
2
∑
j
|yji|2
(
1 + 12
m2X
m2φ
)(
1− 4m
2
X
m2φ
)1/2
∼ λmφ
2
∑
j
|yji|2 . (7.4)
For the following discussion, we will assume that Γφ < Γχ, which is generally the case if
the neutrino Yukawa couplings are sufficiently large. We will later show that our results are
consistent with this assumption (see subsection 7.6).
If the Yukawa couplings were very small, so that Γφ > Γχ, the calculation would be
identical to [30], where the φ field decays quickly and reheating can be studied by only
considering the sneutrino and neutrino decays via their Yukawa coupling. However, for our
model the case with Γφ < Γχ is more generic because with our superpotential (7.1) the mass
mφ is smaller than in the model studied in [30]. We therefore focus on the case Γφ < Γχ for
the rest of this paper.
In the simplest case, reheating happens via perturbative inflaton decays and the decay
products thermalize quickly due to the efficient gauge interactions. In that case, the reheat
temperature and the produced lepton asymmetry can be estimated from the inflaton decay
rate Γφ and the inflaton and sneutrino masses mφ and mX as outlined below.
For a detailed analysis, one should also consider nonperturbative effects from tachyonic
preheating and parametric resonance [31]. Rapid thermalization of the decay products is
also not guaranteed if some D-flat MSSM directions develop large vacuum expectation values
during inflation. The calculation in this section assumes that nonperturbative preheating
effects are small and that thermalization happens fast compared to the inflaton decay rate.
7.3 Inflaton and (s)neutrino masses
The inflationary vacuum energy Λ4 is fixed by the amplitude As of scalar perturbations. As
the numerical calculations in section 6 have shown, Λ4 does not depend very much on α and
β, so we estimate it from the single-field hilltop inflation limit with β = 0, which is
Λ4 ' 3pi
2As
16N3e
µ4 ' (2× 10−14)µ4 (7.5)
for Ne ' 60 and As = 2.2× 10−9.
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The inflaton mass mφ and the right-handed sneutrino mass mX at the global minimum
can be calculated in terms of the model parameters µ and λ:
mφ = 16
Λ2〈Φ〉3
µ4
= 25/2
Λ2
µ
'
(
6pi2As
N3e
) 1
2
µ = (8× 10−7)µ, (7.6a)
mX = 2λ〈Φ〉2 = λµ2. (7.6b)
The right-handed neutrino fermion mass is equal to the sneutrino mass mX (up to negligible
soft SUSY breaking terms) because the global minimum of the inflaton potential does not
break SUSY.8
We can invert eqs. (7.6a) and (7.6b) to express µ and λ in terms of mφ and mX :
µ =
(
N3e
6pi2As
) 1
2
mφ '
(
1.3× 106)mφ, (7.7a)
λ =
(
6pi2As
N3e
)
mX
m2φ
' (6× 10−13) mX
m2φ
. (7.7b)
We can use eqs. (7.7a) and(7.7b) to express all results in terms of the physical masses mX
and mφ.
7.4 Reheat temperature
Assuming that Γφ < Γχ as discussed above, an approximate analytical solution of the Boltz-
mann equations leads to the reheat temperature (see e.g. [30])
TR =
(
36
g∗pi2
m2plΓ
2
φ
) 1
4
= g
− 1
4∗
(
3λmpl
4pi2
mφmX
) 1
2
(
1 + 12
m2X
m2φ
) 1
2
(
1− 4m
2
X
m2φ
) 14
, (7.8)
with g∗ = 915/4 in the MSSM.
For a rough estimate, we can set
(
1 + 12m2X/m
2
φ
)1/2 (
1− 4m2X/m2φ
)1/4 ∼ 1; the actual
value is between 2/3 and 4/3 for mX/mφ < 0.497. With this approximation, the reheat
temperature is
TR ∼
(
9Asmpl
2
√
g∗N3e
) 1
2 mX√
mφ
'
(
104 GeV
mφ
) 1
2
mX . (7.9)
In particular, this result implies that the right-handed (s)neutrinos are out of equilibrium
during reheating (TR  mX) for mφ  104 GeV.
The reheat temperature as a function of mX and µ is shown in fig. 7 for the range
of parameters for which the baryon asymmetry can be produced by nonthermal leptogenesis
(see below) and µ < mpl. In this region, the reheat temperature is generally between 10
6 GeV
and 108 GeV, which can be low enough to evade the bounds on thermal gravitino production
depending on the gravitino mass m3/2 [32–36].
8We neglect soft SUSY breaking terms because these are expected to be much smaller than the energy
scales relevant for reheating.
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Figure 7. Reheat temperature TR and upper bound on the baryon asymmetry
nB
nγ
as a function of
the right-handed neutrino mass mX and and inflaton vacuum expectation value µ. We see that a
sufficiently large baryon asymmetry can be generated for mX > 10
8 GeV if µ is roughly (107 ×mX).
Figure 8. Inflaton mass mφ after inflation and superpotential parameter λ as functions of the right-
handed neutrino mass mX and inflaton vacuum expectation value µ.
7.5 Nonthermal leptogenesis
The inflaton particles decay into pairs of right-handed neutrinos and sneutrinos whose out-
of-equilibrium decay generates a lepton asymmetry. The generated lepton asymmetry can
be estimated analogously to [30] as ∣∣∣nL
s
∣∣∣ ' 5
2
TR
mφ
. (7.10)
 quantifies the CP violation per sneutrino decay:
 ≡ Γ− Γ
(CP)
Γ + Γ(CP)
, (7.11)
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where Γ denotes the neutrino or sneutrino decay process and Γ(CP) the CP conjugate of that
decay process. For hierarchical neutrinos,  is bounded by [37–39]
 <
3
8pi
√
∆m2atmmX
〈hu〉2 . (7.12)
This lepton asymmetry is converted into a baryon asymmetry by sphaleron processes, which
introduce a conversion factor nB =
C
C−1nL with C ' 1/3 in the MSSM [40], and s = 7.04nγ :∣∣∣∣nBnγ
∣∣∣∣ = 7.04 ∣∣∣∣ CC − 1 nLs
∣∣∣∣ ' 8.8 TRmφ . (7.13)
Using the bound from eq. (7.12) with 〈hu〉 ∼ 174 GeV and ∆m2atm ' 3 × 10−3 eV2, we find
an upper bound on the baryon asymmetry (fig. 7). We can also compute a simple estimate
if we approximate TR with eq. (7.9). We then find
nB
nγ
. 6× 10−10 (2mX)
2√
(2× 108 GeV)m3φ
. (7.14)
If we demand that nonthermal leptogenesis generates the observed baryon asymmetry nB/nγ =
6 × 10−10, eq. (7.14) together with mφ > 2mX implies a lower bound on the inflaton mass:
mφ > 2 × 108 GeV. Also, one can see in fig. 7 that this condition relates the right-handed
neutrino mass mX and the symmetry breaking scale µ, which must be related roughly by
µ ∼ 107 ×mX .
7.6 Consistency of Γφ < Γχ
For our calculations, we have assumed that Γφ < Γχ, which according to eq. (7.4) means
that the Yukawa coupling must be sufficiently large. We can estimate the size of the Yukawa
coupling from the seesaw formula for the light neutrino mass mν :
mν ∼ y
2〈hu〉2
mX
, (7.15)
which implies that the Yukawa coupling is
y2 ∼
( mν
1 meV
)( mX
3× 1016 GeV
)
. (7.16)
If we insert this in eq. (7.4) and use eq. (7.7b), we find
Γφ
Γχ
∼ λmφ
2y2
∼
(
10−4 meV
mν
)(
108 GeV
mφ
)
. (7.17)
With mφ > 2 × 108 GeV, the assumed decay rate hierarchy holds if the light neutrino mass
generated by the seesaw mechanism is larger than about 10−4 meV, which is true for at least
two of the three light neutrinos.
– 20 –
8 Conclusions
In this paper, we have proposed a new class of models of hilltop inflation where the initial
conditions of the inflaton close to the hilltop are generated from “matter field preinflation”.
This is achieved via a coupling term between the inflaton and a matter field (cf. second term
in eq. (2.5)), in addition to the usual term for supersymmetric hilltop inflation. The same
coupling term also opens up a decay channel for the inflaton into Standard Model fields,
which allows efficient reheating of the universe.
Our mechanism works as follows: During preinflation, the scalar component of the
matter superfield (or of a D-flat combination of them) has a large vacuum expectation value
which induces a mass for the inflaton of hilltop inflation, driving its vacuum expectation value
to zero. The initial conditions for hilltop inflation are then generated when the preinflaton
approaches a “critical point” where its stabilising effect ends and the fields enter a “diffusion
region” in which quantum fluctuations have to be included.
We have calculated and discussed the resulting initial conditions in section 4 and found
that there are two cases: When the mass of the preinflaton lies above a certain threshold,
initial conditions are generated such that the inflationary dynamics resembles almost entirely
single field hilltop inflation. Single field hilltop inflation acts as an attractor solution where
the initial value of the preinflaton becomes negligible when hilltop inflation starts.
The second case happens when the mass of the preinflaton is below the above-mentioned
threshold. Then, the motion of the preinflaton during hilltop inflation can no longer be
neglected and inflation has to be analysed as a true two field inflation model, using e.g. the
δN formalism. We discussed this in section 6 based on a numerical analysis, where we also
highlighted the differences between these two cases.
As mentioned above, in addition to providing the right initial conditions for hilltop
inflation, “matter field preinflation” has the attractive additional feature of opening up a
decay channel for the inflaton into SM fields which can lead to an efficient reheating of the
universe (with high enough but not too high reheat temperature). This can help to avoid
unwanted decays of the inflaton into hidden sector fields and may even allow to explain the
baryon asymmetry of the universe via the non-thermal leptogenesis mechanism.
As an example, in section 7 we calculated reheating and non-thermal leptogenesis for an
example model where one of the right-handed sneutrinos acts as the preinflaton. We found
that successful non-thermal leptogenesis is indeed possible and imposes a relation between
the symmetry breaking scale and the mass of the right-handed (s)neutrino after inflation, as
well as lower bounds on both quantities. In an explicit model, these would be interesting
additional constraints on the model parameters.
We conclude that the proposed class of models of “hilltop inflation with matter field
preinflation” is a promising framework for embedding inflation into particle physics theories.
Appendices
A Scalar potential from supergravity
In this appendix, we discuss how the scalar potential (3.1) can be obtained from the super-
potential W and the Ka¨hler potential K.
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The supergravity scalar potential for chiral superfields can be calculated from W and
K by evaluating the F-term potential9
VF = e
K/m2pl
(
DiK
ijD†j −
3
m2pl
|W |2
)∣∣∣∣∣
θ=0
, (A.1)
where θ = 0 means replacing all superfields with their scalar components, Kij is the matrix
inverse of the Ka¨hler metric Kij , and
Kij =
∂2K
∂Yˆ †i ∂Yˆj
, Di =
∂W
∂Yˆi
+
W
m2pl
∂K
∂Yˆi
, (A.2)
with Yˆ = {Sˆ, Φˆ, Xˆ}. We want to evaluate this expression for the superpotential given by
eq. (2.5). We also need to specify the Ka¨hler potential K. In general, the allowed operators
in the Ka¨hler potential depend on the symmetries of the model. However, for canonically
normalized fields, K always contains a term Yˆ †i Yˆi for each chiral superfield Yˆi. The Ka¨hler
potential can also contain products and higher powers of these terms, so we expand K in
powers of the modulus squared of the superfields:10
K = Sˆ†Sˆ + Φˆ†Φˆ + Xˆ†Xˆ − κS
m2pl
(Sˆ†Sˆ)2 +
(1− α)
m2pl
(Sˆ†Sˆ)(Xˆ†Xˆ) +
(1 + β)
m2pl
(Sˆ†Sˆ)(Φˆ†Φˆ) + ...,
(A.3)
where the ... denote other Planck-suppressed terms that can be safely neglected, and α, β
and κS are free parameters of the theory.
Expanding the inverse Ka¨hler metric and the prefactor eK/m
2
pl in powers of the fields
and dropping irrelevant higher order terms, eq. (A.1) takes the form
VF =
(∣∣∣∣∂W∂Sˆ
∣∣∣∣2
(
1 +
4κS
m2pl
|Sˆ|2 + α
m2pl
|Xˆ|2 − β
m2pl
|Φˆ|2
)
+
∣∣∣∣∂W∂Φˆ
∣∣∣∣2 + ∣∣∣∣∂W∂Xˆ
∣∣∣∣2
)∣∣∣∣∣
θ=0
+ ...
=
∣∣∣∣Λ2 − ΦpMp−2
∣∣∣∣2
(
1 +
4κS
m2pl
|S|2 + α
m2pl
|X|2 − β
m2pl
|Φ|2
)
+ 4λ2|Φ2X4|+ 4λ2|Φ4X2|+ ...
(A.4)
We can rewrite this potential in terms of the real fields χ =
√
2|X| and φ = √2 Re(Φ). We
also drop the imaginary inflaton component φ¯ =
√
2 Im(Φ) for simplicity.11 This results in
the scalar potential
VF = Λ
4
(
1− φ
p
2p/2Λ2Mp−2
)2
+
λ2
2
φ2χ2
(
φ2 + χ2
)− 1
2
βΛ4
m2pl
φ2 +
1
2
αΛ4
m2pl
χ2 +
4κSΛ
4
m2pl
|S|2 + ...
(A.5)
9If Φˆ or Xˆ are identified with contractions of fields which are charged under a gauge symmetry, one could
also have a D-term potential. In this case, inflation is assumed to happen along a D-flat (i.e. gauge invariant)
direction in field space, which minimizes the D-term potential.
10The most general Ka¨hler potential can contain other terms which are not proportional to the modulus
squared, e.g.
(
Φ2 + h.c.
)
. Most of these terms are forbidden by the U(1)R symmetry for S and by the Zp
symmetry for Φ. The remaining phase-dependent terms, e.g. (Φp + h.c.) /mp−2pl , are suppressed by powers of
Φ/mpl such that their influence on the dynamics is negligible for Φ mpl.
11The effect of the imaginary inflaton component is discussed in section 6.3.
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φψX
ψX
φ
χ
χ
φ
χ¯
χ¯
Figure 9. Decay channels for the inflaton φ into right-handed neutrinos ψX and right-handed sneu-
trinos χ, χ.
We see that S = 0 is stabilized with a mass m2S = 4κSΛ
4/m2pl. Throughout this paper we
assume that κS >
1
12 , which means that S has a mass above the Hubble scale and can be
neglected during inflation. Apart from this mass term, the potential is identical to the one
we gave in eq. (3.1) with the parameters
m2φ = βΛ
4/m2pl, m
2
χ = αΛ
4/m2pl, µ
p = 2p/2Λ2Mp−2. (A.6)
Note that α and β could be either positive or negative; in this paper, we require that α > 0
and β > 0.
B Decay rate calculation
In this appendix we calculate the perturbative inflaton decay for our example model in section
7, where the matter superfield Xˆ is identified with the right-handed (s)neutrino.
In the rest frame of the decaying particle, the decay rate Γ of a particle with mass mi
into two particles of mass mf is given by
Γi→ff =
1
16pimi
|M|2
√
1− 4m
2
f
m2i
. (B.1)
To get the total decay rate, we must sum over the decay rates for each channel. This includes
summing over spin polarizations for final-state fermions and averaging over spin polarizations
for initial-state fermions.
B.1 Inflaton decay rate Γφ
For the decay of the inflaton φ, there are two diagrams for the decay into scalar sneutrinos12
and one diagram for the decay into right-handed neutrinos, see fig. 9. The matrix elements
for these decays are13
iMφ→ fermions = −i
√
λimX u¯(p1, s1)v(p2, s2), (B.2a)
iMφ→ scalars = −4i
√
λim3X , (B.2b)
12As a complex scalar field, the sneutrino consists of two real components, which we denote by χ and χ.
13The Feynman rules for Majorana fermions can be found e.g. in [41].
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χψLj
ψHu
χ
ψLj
ψHu
χ
lj
hu
χ
l¯j
h¯u
ψX
lj, l¯j
ψHu
ψX
lj, l¯j
ψHu
ψX
hu, h¯u
ψLj
ψX
hu, h¯u
ψLj
Figure 10. Decay channels for the right-handed sneutrino χ and the right-handed neutrino ψX into
left-handed (s)leptons and Higgs(ino) particles.
with p1 = (
mφ
2 , ~p1) and p2 = (
mφ
2 ,−~p1). We get the total decay rate by summing over
eq. (B.1) for each of these three decay channels:
Γφ =
λ
8pi
mφmX
(
1 + 12
m2X
m2φ
)(
1− 4m
2
X
m2φ
)1/2
. (B.3)
B.2 Sneutrino decay rate Γχ
For the decay of the right-handed sneutrino χ, we have 12 decay channels into scalars and
12 decay channels into fermions, see fig. 10. Note that each of the diagrams in fig. 10 stands
for six separate processes due to the decay into two different SU(2) components (index
suppressed) and three generations (index j). The matrix elements for each of these decays
are
iMχ→ fermions = −i√
2
yji u¯(p1, s1)
1 + γ5
2
v(p2, s2), (B.4a)
iMχ→ scalars = −i√
2
yjimX , (B.4b)
with p1 = (
mX
2 , ~p1) and p2 = (
mX
2 ,−~p1). We get the total decay rate by summing over
eq. (B.1) for each of these eight decay channels:
Γχ =
∑
j |yji|2
4pi
mX , (B.5)
where we neglected mf ∼ mHu ∼ mLj  mX . One can easily verify that the other scalar
sneutrino component χ has the same decay rate.
B.3 Neutrino decay rate ΓψX
The right-handed neutrino ψX can decay into left-handed (s)leptons and Higgs(ino) particles
through the diagrams in fig. 10. The four diagrams correspond to 16 different processes for
each j: one factor of two is due to the SU(2) contraction and another factor of two is because
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the final state can contain each of the two real components of Lj or Hu. The matrix elements
are
|MψX→ scalar+fermion| =
1√
8
∣∣yji u¯(pf, sf) (1 + γ5)u(pi, si)∣∣ (B.6)
for the decay into particles, with pf = (
mX
2 , ~pf) and pi = (mX ,
~0). The decay into antiparticles
is nearly the same, but the u-spinors are replaced by v-spinors and (1 + γ5) is replaced by
(1− γ5), which still leads to the same squared matrix element.
The total decay rate is the sum over the decay rates for all processes. We must also
include a factor 12 for averaging over incoming spin polarizations. The result is
ΓψX =
∑
j |yji|2
4pi
mX , (B.7)
which is identical to the decay rate Γχ = Γχ of the two sneutrino components.
References
[1] P. A. R. Ade et al. [Planck Collaboration], Planck 2013 results. XVI. Cosmological
parameters, arXiv:1303.5076 [astro-ph.CO].
[2] P. A. R. Ade et al. [Planck Collaboration], Planck 2013 results. XXII. Constraints on
inflation, arXiv:1303.5082 [astro-ph.CO].
[3] P. A. R. Ade et al. [Planck Collaboration], Planck 2013 Results. XXIV. Constraints on
primordial non-Gaussianity, arXiv:1303.5084 [astro-ph.CO].
[4] L. Boubekeur and D. .H. Lyth, Hilltop inflation, JCAP 0507 (2005) 010 [hep-ph/0502047].
[5] A. D. Linde, A New Inflationary Universe Scenario: A Possible Solution of the Horizon,
Flatness, Homogeneity, Isotropy and Primordial Monopole Problems, Phys. Lett. B 108
(1982) 389; A. Albrecht and P. J. Steinhardt, Cosmology for Grand Unified Theories with
Radiatively Induced Symmetry Breaking, Phys. Rev. Lett. 48 (1982) 1220.
[6] K. -I. Izawa and T. Yanagida, Natural new inflation in broken supergravity, Phys. Lett. B
393 (1997) 331 [hep-ph/9608359].
[7] V. N. Senoguz and Q. Shafi, New inflation, preinflation, and leptogenesis, Phys. Lett. B 596
(2004) 8 [hep-ph/0403294].
[8] S. Antusch, S. F. King, M. Malinsky, L. Velasco-Sevilla and I. Zavala, Flavon Inflation,
Phys. Lett. B 666 (2008) 176 [arXiv:0805.0325 [hep-ph]].
[9] K. I. Izawa, M. Kawasaki and T. Yanagida, Dynamical tuning of the initial condition for new
inflation in supergravity, Phys. Lett. B 411 (1997) 249 [hep-ph/9707201].
[10] M. Yamaguchi and J. ’i. Yokoyama, Smooth hybrid inflation in supergravity with a running
spectral index and early star formation, Phys. Rev. D 70 (2004) 023513 [hep-ph/0402282].
[11] R. Dong, W. H. Kinney and D. Stojkovic, Symmetron Inflation, JCAP 01 (2014) 021
[arXiv:1307.4451 [astro-ph.CO]].
[12] A. Vilenkin, The Birth of Inflationary Universes, Phys. Rev. D 27 (1983) 2848; A. Vilenkin,
Topological inflation, Phys. Rev. Lett. 72 (1994) 3137 [hep-th/9402085]; A. H. Guth and
S. -Y. Pi, The Quantum Mechanics of the Scalar Field in the New Inflationary Universe,
Phys. Rev. D 32 (1985) 1899; J. Ellis, N. E. Mavromatos and D. J. Mulryne, Exploring
Two-Field Inflation in the Wess-Zumino Model, arXiv:1401.6078 [astro-ph.CO].
– 25 –
[13] D. Nolde, Effects of the imaginary inflaton component in supergravity new inflation, JCAP
1311 (2013) 028 [arXiv:1310.0820 [hep-ph]].
[14] S. Antusch and F. Cefala`, SUGRA New Inflation with Heisenberg Symmetry, JCAP 1310
(2013) 055 [arXiv:1306.6825 [hep-ph]].
[15] S. Antusch, M. Bastero-Gil, S. F. King and Q. Shafi, Sneutrino hybrid inflation in
supergravity, Phys. Rev. D 71 (2005) 083519 [hep-ph/0411298].
[16] S. Antusch, M. Bastero-Gil, J. P. Baumann, K. Dutta, S. F. King and P. M. Kostka, Gauge
Non-Singlet Inflation in SUSY GUTs, JHEP 1008 (2010) 100 [arXiv:1003.3233 [hep-ph]].
[17] S. Antusch and D. Nolde, Ka¨hler-driven Tribrid Inflation, JCAP 1211 (2012) 005
[arXiv:1207.6111 [hep-ph]].
[18] M. Fukugita and T. Yanagida, Baryogenesis Without Grand Unification, Phys. Lett. B 174
(1986) 45; V. A. Kuzmin, V. A. Rubakov and M. E. Shaposhnikov, On the Anomalous
Electroweak Baryon Number Nonconservation in the Early Universe, Phys. Lett. B 155
(1985) 36; M. A. Luty, Baryogenesis via leptogenesis, Phys. Rev. D 45 (1992) 455. T. Asaka,
K. Hamaguchi, M. Kawasaki and T. Yanagida, Leptogenesis in inflaton decay, Phys. Lett. B
464 (1999) 12 [hep-ph/9906366].
[19] A. A. Starobinsky, Multicomponent de Sitter (Inflationary) Stages and the Generation of
Perturbations, JETP Lett. 42, 152-155 (1985).
[20] M. Sasaki, E. D. Stewart, A General analytic formula for the spectral index of the density
perturbations produced during inflation, Prog. Theor. Phys. 95, 71-78 (1996).
[astro-ph/9507001].
[21] D. H. Lyth and Y. Rodriguez, The Inflationary prediction for primordial non-Gaussianity,
Phys. Rev. Lett. 95, 121302 (2005). [arXiv:astro-ph/0504045].
[22] D. H. Lyth, Large Scale Energy Density Perturbations and Inflation, Phys. Rev. D31,
1792-1798 (1985).
[23] D. Wands, K. A. Malik, D. H. Lyth, A. R. Liddle, A New approach to the evolution of
cosmological perturbations on large scales, Phys. Rev. D62, 043527 (2000).
[astro-ph/0003278].
[24] D. Seery, J. E. Lidsey, Primordial non-Gaussianities from multiple-field inflation, JCAP
0509, 011 (2005). [astro-ph/0506056]; D. Seery, J. E. Lidsey and M. S. Sloth, The
inflationary trispectrum, JCAP 0701, 027 (2007). [arXiv:astro-ph/0610210]; D. Seery,
M. S. Sloth and F. Vernizzi, Inflationary trispectrum from graviton exchange, JCAP 0903,
018 (2009). [arXiv:0811.3934 [astro-ph]].
[25] C. T. Byrnes, K. -Y. Choi, L. M. H. Hall, Large non-Gaussianity from two-component hybrid
inflation, JCAP 0902, 017 (2009). [arXiv:0812.0807 [astro-ph]].
[26] J. Elliston, D. J. Mulryne, D. Seery and R. Tavakol, Evolution of fNL to the adiabatic limit,
JCAP 1111 (2011) 005 arXiv:1106.2153 [astro-ph.CO]; J. Meyers and E. R. M. Tarrant,
Perturbative Reheating After Multiple-Field Inflation: The Impact on Primordial
Observables, arXiv:1311.3972 [astro-ph.CO]; J. Elliston, S. Orani and D. J. Mulryne, General
analytic predictions of two-field inflation and perturbative reheating, arXiv:1402.4800
[astro-ph.CO].
[27] A. Chambers and A. Rajantie, Lattice calculation of non-Gaussianity from preheating, Phys.
Rev. Lett. 100 (2008) 041302 [Erratum-ibid. 101 (2008) 149903] [arXiv:0710.4133 [astro-ph]].
[28] H. Murayama, H. Suzuki, T. Yanagida and J. ’i. Yokoyama, Chaotic inflation and
baryogenesis in supergravity, Phys. Rev. D 50 (1994) 2356 [hep-ph/9311326].
[29] K. Nakayama, F. Takahashi and T. T. Yanagida, Chaotic Inflation with Right-handed
Sneutrinos after Planck, Phys. Lett. B 730 (2014) 24 [arXiv:1311.4253 [hep-ph]].
– 26 –
[30] S. Antusch, J. P. Baumann, V. F. Domcke and P. M. Kostka, Sneutrino Hybrid Inflation and
Nonthermal Leptogenesis, JCAP 1010 (2010) 006 [arXiv:1007.0708 [hep-ph]].
[31] For a discussion in hilltop inflation, see: P. Brax, J.-F. Dufaux and S. Mariadassou,
Preheating after Small-Field Inflation, Phys. Rev. D 83 (2011) 103510 [arXiv:1012.4656
[hep-th]].
[32] M. Y. .Khlopov and A. D. Linde, Is It Easy to Save the Gravitino?, Phys. Lett. B 138
(1984) 265.
[33] J. R. Ellis, J. E. Kim and D. V. Nanopoulos, Cosmological Gravitino Regeneration and
Decay, Phys. Lett. B 145 (1984) 181.
[34] J. R. Ellis, D. V. Nanopoulos and S. Sarkar, The Cosmology of Decaying Gravitinos, Nucl.
Phys. B 259 (1985) 175.
[35] T. Moroi, H. Murayama and M. Yamaguchi, Cosmological constraints on the light stable
gravitino, Phys. Lett. B 303 (1993) 289.
[36] M. Kawasaki, K. Kohri and T. Moroi, Hadronic decay of late - decaying particles and
Big-Bang Nucleosynthesis, Phys. Lett. B 625 (2005) 7 [astro-ph/0402490].
[37] L. Covi, E. Roulet and F. Vissani, CP violating decays in leptogenesis scenarios, Phys. Lett.
B 384 (1996) 169 [hep-ph/9605319].
[38] K. Hamaguchi, H. Murayama and T. Yanagida, Leptogenesis from N dominated early
universe, Phys. Rev. D 65 (2002) 043512 [hep-ph/0109030].
[39] S. Davidson and A. Ibarra, A Lower bound on the right-handed neutrino mass from
leptogenesis, Phys. Lett. B 535 (2002) 25 [hep-ph/0202239].
[40] S. Davidson, E. Nardi and Y. Nir, Leptogenesis, Phys. Rept. 466 (2008) 105
[arXiv:0802.2962 [hep-ph]].
[41] A. Denner, H. Eck, O. Hahn and J. Kublbeck, Feynman rules for fermion number violating
interactions, Nucl. Phys. B 387 (1992) 467.
– 27 –
